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ABSTRACT

Purpose To demonstrate the feasibility of a novel macromo-
lecular delivery system for doxorubicin (DOX) which combines
pH dependent DOX release with a high molecular weight and
biodegradable gelatin carrier.

Methods DOX was conjugated to gelatin using an acid
labile hydrazone bond and a glycylglycine linker. The
gelatin-doxorubicin conjugate (G-DOX) was evaluated for
hydrazide and DOX content by spectrophotometry, mo-
lecular weight by HPLC-SEC, in vitro DOX release at
various pH, and cell growth inhibition using EL4 mouse
lymphoma and PC3 human prostate cells.

Results G-DOX hydrazide and DOX content was 47% and
5-7%, respectively of theoretical gelatin carboxylic acid sites.
During preparation of G-DOX, the molecular weight de-
creased to 22 kDa. DOX release was 48% in pH 4.8
phosphate buffer, 22% at pH 6.5, but 10% at pH 7.4.
The G-DOX IC50 values in EL4 and PC3 cells were
0.26 UM and 0.77 uM, respectively; the latter value 3
times greater than that of free DOX.

Conclusions A 22 kDa macromolecular DOX conjugate
containing 3.4-5.0% w/w DOX has been prepared. The pH
dependent drug release in combination with a biodegradable
gelatin carrier offer potential therapeutic advantages of en-
hanced tumor cell localization and reduced systemic toxicities
of the drug.
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ABBREVIATIONS

DOX doxorubicin

EDC | -ethyl-3-(dimethylaminopropy!) carbodiimide HCI
G-DOX ' gelatin — doxorubicin conjugate

GGBE glycylglycine benzyl ester p-toluene sulfonate

ICsp concentration of agent to inhibit growth to 50%

INTRODUCTION

Doxorubicin (DOX) is a potent antineoplastic agent that is
effective against a wide range of solid tumors and lymphomas
but it is also associated with an irreversible cardiomyopathy
above cumulative doses of 550 mg/m? (1). This and other
toxic side effects make the drug a good candidate for localized
drug delivery. DOX has been investigated in several macro-
molecular delivery systems such as liposomes (2), synthetic
copolymers of N-(2-hydroxypropyl)methacrylamide (HPMA)
(3,4) other synthetic water soluble polymers (5), micelles (6,7),
polysaccharides (8) as well as block copolymer vesicles (or
polymersomes) (9,10). Such delivery systems have demonstrat-
ed preferential accumulation in solid tumors compared to
healthy tissue due to the enhanced permeation and retention
effect (EPR) (3,11). The resulting therapeutic advantages
include an enhanced antitumor effect and reduced systemic
toxicities (3,12—14). Also, maximum tolerated doses of 5 to 10
fold greater than the free drug have been reported (12,15). In
addition, the ability to overcome drug resistance has been
reported (16,17). These and similar delivery systems, however,
have had concerns. An early HPMA-DOX conjugate showed
little, if any, improved efficacy in Phase I clinical trials
compared to the free drug (18). Mucocutaneous toxic-
ities were reported from liposomal delivery of DOX
(19). And in a novel biodegradable delivery system not
containing DOX, a polyglutamic acid carrier used with
paclitaxol failed to demonstrate improved overall surviv-
al in Phase III clinical trials (20).
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Gelatin is the denatured and partially hydrolyzed prod-
uct of collagen (21). It has been used as a macromolecular
carrier to deliver several drugs including amphotericin B
(22), methotrexate (23), and tumor necrosis factor (24). It has
also been shown to have cell uptake (25). Its high molecular
weight and biodegradability are attractive properties for use
as a carrier in a DOX macromolecular delivery system. A
sufficiently high molecular weight can avoid glomerular
filtration by the kidney leading to an extended circulation
time and greater tumor accumulation by the EPR effect.
Once the gelatin conjugate accumulates within the intersti-
tial space of a tumor, its susceptibility to degradation by
metalloproteinases, such as cathepsin B (25), would reduce
the conjugate size and potentially enhance endocytotic up-
take into the tumor cells. Recent reports describe encourag-
ing results of high molecular weight HPMA-DOX
conjugates containing cleavable links to allow breakdown
in the body to lower molecular weight species (26,27). These
lower sizes, however, are substantially larger than could
occur with a biodegradable gelatin carrier. Thus, a more
biodegradable gelatin conjugate of sufficient molecular
weight may result in greater cell uptake of drug within the
tumor while simultaneously prolonging circulation time.

Design of the macromolecular delivery system used in
this investigation includes a pH dependent hydrazone bond
covalently linking the drug and carrier. Little or no drug
release 1s expected at neutral pH 7.4 within the circulation,
but extensive release is expected at the acidic pH 4.8 of
cellular lysosomes. After such an intracellular release, drug
localization within cancer cells could produce enhanced
efficacy and substantially reduced systemic drug toxicities.
While pH dependent release of DOX using the hydrazone
conjugate bond has been reported with several DOX deliv-
ery systems (4,8,28), the combination of this release mecha-
nism with the biodegradability and high molecular weight of
gelatin has not been reported. The overall goal of this
investigation was to investigate the feasibility of such a
delivery system. Its preparation and characterization, as well
as its m vitro drug release, and cancer cell growth inhibition
are reported.

MATERIALS AND METHODS
Materials

Type B bone gelatin was supplied by Kind and Knox (Gelita
USA, Sargent Bluff, IA). Sephadex G50, Sephacryl HR 300,
citraconic anhydride, 1l-ethyl-3-(dimethylaminopropyl)
carbodiimide HCI (EDC), glycylglycine benzyl ester p-toluene
sulfonate (GGBE), hydrazine hydrate (Cat. No. 225819-50G),
p-nitrobenzaldehyde, dimethylformamide,acetyl hydrazide,
RPMI 1640, fetal bovine serum and phosphate buffered saline
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were obtained from Sigma-Aldrich (St. Louis, MO). Buffer,
cluent salts, and syringe filters (0.2 pm pore, SFCA, Cat. No.
09-754-13) were obtained from Fisher (Pittsburgh, PA). Horse
serum, EI4 mouse lymphoma cells, PC3 human prostate cells,
and DMEM were from ATCC (Manassas, VA). Doxorubicin
HCI was supplied by Bristol Myers Squibb (New York, NY)

Fractionation of Gelatin

About 300 mg of hydrated, heated, and dissolved gelatin in
10 mL of the eluent was fractionated through a 47 cm by
4.6 cm Sephracryl HR 300 column at 37°C at a flow rate of
1.7 mL/min using a 0.05 M ammonium acetate (pH 6.7)
eluent and collected into 3.7 mL fractions. Fractions
containing large amounts of the 100 kDa specie, identified
by HPLC-SEC assay (see below), were combined and lyoph-
ilized. Several such first pass fractionations were combined
and refractionated. Suitable second pass fractionations were
then identified, combined, lyophilized, and refractionated for
a third pass to obtain a mono disperse 100 kDa gelatin,
designated fractionated gelatin

Preparation of Gelatin-Doxorubicin Conjugates

Gelatin granules (11.5% w/w moisture content) were hydrated,
heated, and dissolved in 0.05 M sodium phosphate buffer at
pH 8.5 to produce a stock gelatin solution from which 6.0 mL
containing 100 mg of gelatin was used for preparation of G-
Dox. Reactant quantities were based on one gram of gelatin
containing 0.33 mmole amino groups, and 1.2 mmole carboxyl
groups (21,29). Citraconic anhydride at a 16.8 molar ratio to
gelatin amino groups (50 pL) was reacted with the gelatin
solution at room temperature for 1 h. The reaction solution
was then loaded onto a 41 cm by 0.5 cm SEC column packed
with Sephadex G-50, eluted at 0.5 mL/min in 0.033 M MES
buffer at pH 8.5 and 37°C, and the fractions containing the
amino group blocked gelatin were collected, combined, lyoph-
ilized, and stored at —80°C. The lyophilized product was
dissolved in 7.0 mL of water followed by addition of EDC at
a 2.5 molar ratio to gelatin carboxyl groups (58 mg) and pH 7.0
was maintained. After 30 min, GGBE at a 2.5 molar ratio to
gelatin carboxyl groups (119 mg) was added, and the reaction
was maintained at pH 7.0 for an additional 2 h. The reaction
solution was then adjusted to pH 8.5 and the gelatin product
was collected by SEC and lyophilized as described above.
Benzyl alcohol was hydrolyzed from the gelatin GGBE product
after dissolution in water and pH adjustment to 8.5 for 2.5 hr
followed by SEC collection and lyophilization as described
above. Previous experiments established>94% hydrolytic re-
lease of benzyl alcohol from GGBE under these conditions.
The gelatin product was again dissolved in water as above,
followed by addition of EDC at a 6.3 molar ratio to the
carboxyl groups (144 mg), and the reaction was maintained at
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pH 7.0 for 30 min. Hydrazine hydrate at a 3.8 molar ratio to
the carboxyl groups (27 nL) was added and the reaction solu-
tion was maintained at pH 7.0 for two additional hours. The
gelatin product was collected by SEC and lyophilized as de-
scribed above. The amino group blocking agent, citraconic
acid, was removed from the gelatin product after dissolution
of the gelatin in water as above and adjustment to pH 4.5 for
4 h, followed by SEC: collection and lyophilization as described
above except that the eluent was 0.005 M ammonium bicar-
bonate at pH 8.0. The gelatin product at this stage is designated
Precursor. To add DOX, 10 mg of the Precursor, was dissolved
in 5 mL of 0.05 M sodium bicarbonate, and adjusted to
approximately pH 5.0. DOX (60 mg) dissolved in 1.43 mL of
a 50:50 mixture of methanol:water was added slowly to Pre-
cursor and the reaction was maintained at pH 5.0 for
24 h in the dark. Afterwards, the reaction solution was
adjusted to pH 8.0, and the conjugate (G-DOX) was
collected by SEC in 0.005 M ammonium bicarbonate
and lyophilized as described above. A second Precursor
(10 mg) reaction with DOX was conducted in the same
manner, and the resulting G-DOX was combined with
the first batch by dissolution, SEC, and lyophilization
prior to storage at —80°C. Conjugate prepared with
fractionated gelatin (36 mg in 6 mL) utilized the same
stoichiometry, but lower concentrations.

G-DOX Characterization
Determination of Hydrazide Addition

This procedure was modified from a previous report
(30). Precursor was dissolved in 1.82 mL of 0.1 M
acetate buffer (pH 5) at accurately prepared concentrations
ranging from approximately 0.025 mg/mL to 0.20 mg/mL.
To each solution, 0.180 mL of p-nitrobenzaldehyde (5 mM),
dissolved in dimethylformamide, was added to obtain a con-
centration of 450 mM. These solutions, in microcentrifuge
tubes, were placed in a water bath for 3 h at 37°C.
Absorbance was measured at 340 nm and concentrations of
hydrazone bonds formed with p-nitrobenzaldehyde were quan-
tified using an extinction coefficient of 16,800 M~ em™'. The
extinction coefficient of the hydrazone chromophore was de-
termined after synthesizing it from a reaction between p-
nitrobenzaldehyde and acetylhydrazide, filtering the hydrazone
precipitate, recrystallizing it in ethanol. This hydrazone was
used to prepare a standard plot at concentrations ranging from
20-300 pM in 0.1 M acetate buffer (pH5) using absorbance
measurements at 340 nm (31). Incomplete reaction of hydra-
zide groups (41%) with the reagent was determined from
control experiments with acetylhydrazide measuring the extent
of hydrazone formation with p-nitrobenzaldehyde after 3 h at
37°C at various molar ratios of reagent to hydrazide ranging
from 5 to 100.

Determination of Drug Content

Accurately weighed G-DOX samples ranging from 2 to
5 mg were dissolved in 5.0 mL of 0.1 M potassium
phosphate buffer at pH 4.8 for absorbance measure-
ments at 488 nm using a Shimadzu UV-1800 spectro-
photometer. Drug content was calculated as % w/w of
the G-DOX sample using previously prepared linear
calibration plots of DOX ranging from 0.0020 mg/mL
to 0.040 mg/mL.

Determination of Molecular Weight and Size Distribution

HPLC-SEC assay of gelatin or G-DOX was a modifica-
tion of a previously reported procedure (32). Samples
were dissolved at a concentration of 0.5 mg/mL in
sample solvent of 0.1 M sodium phosphate at pH 7.4
with 0.025% sodium azide, heated for 1 min at 65°C,
and filtered with a 0.2 pm syringe filter for loading into
mserts and vials. A Waters Millentum HPLC system with
a BioSep S4000 SEC column (Phenomenex, Torrance,
CA) and mobile phase of 0.1 M sodium phosphate at
pH 7.4 with 0.5% sodium lauryl sulfate was run at
0.5 mL/min with a sample chamber temperature of
40°C and column temperature of 50°C for a 20 pL
injection, a 30 min run time, and detection at 214 nm
or 488 nm. Polystyrene sulfonate standards (Phenomenex,
Torrance, CA) ranging from 10.6 kDa M,, to 282 kDa
M,, were used to determine molecular weights. One
standard was used with each gelatin or G-DOX assay
to account for any shifts in peak retention times over the
lifetime of the column. Calibration plots were constructed
with the standards from several assays. A typical calibration
plot prepared with five standards was log M,,=—0.153 min+
4.19 (R*=0.9916). Higher M,, standards established the ex-
cluded specie size of about 310 kDa.

Release Studies
Design

Careful attention to containers, pH and DOX concentra-
tion should be used to minimize DOX complications of
adsorption, degradation, and limited solubility (33). Stock
solutions of G-DOX were prepared at 1.0 mg/mL in
0.03 M potassium phosphate with 0.12 M sodium chloride
at pH 4.8, 6.5, or 7.4, or in cell growth medium, in 50-mL
polypropylene centrifuge tubes. Three or four replicates of
110 pL. G-DOX solution were placed in independent
siliconized polypropylene microcentrifuge tubes at 37°C,
and 100 pL samples were collected at 0, 3, 9, 24, 48 h
into new microcentrifuge tubes for sample preparation
and assay.
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Assay of Released DOX

A modified doxorubicin extraction procedure was used (34).
Drug release samples (100 pL) were spiked with 100 pL of
0.025 mg/mL daunorubicin as the internal standard. Cold
ethanol (1 mL) was added followed by 10 min of centrifu-
gation at 12000 X G. The supernatant was transferred to a
glass centrifuge tube, and 200 pL of 1 M phosphate buffer at
pH 8.5 followed by 2.8 mL dichloromethane was added.
The glass tube was closed by a screw cap with PTFE liner,
and shook for 10 min followed by 5 min centrifugation at
1600 X G. The upper aqueous layer was removed by vacu-
um suction. The lower organic layer was transferred to a
glass culture tube sitting in a 30°C water bath, and evapo-
rated to dryness by nitrogen gas. Calibration plots of DOX
standards ranging from 0.0010 to 0.10 mg/mL were pre-
pared using the same extraction procedure but included
1.0 mg/mL gelatin. Samples and standards dried by evap-
oration were stored at —80°C before analysis. For HPLC
analysis, samples and standards were reconstituted in
100 pL of 0.03 M potassium phosphate with 0.12 M sodium
chloride at pH 4.8, and centrifuged at 1600 X G for 2 min.
The supernatant (80 pL) was transferred to a glass HPLC
vial insert, and 45 pl. was analyzed using a Shimadzu
HPLC system composed of a Zorbax C18 column (Agilent,
Santa Clara, CA) a mobile phase of 10 mM sodium phos-
phate buffer with 10 mM triethylamine (pH 3.5) at 75:25
with acetonitrile, a 1 mL/min flow rate, detection at
235 nm, and run time of approximately 10 min. Samples
were bracketed and determined by two 5-point daily cali-
bration plots. The correlation coefficients of calibration
plots were greater than 0.99.

Cell Growth Inhibition Studies
Cell Cultures

EL4 Mouse lymphoma cells were cultured in DMEM with
10% horse serum. PC3 Human prostate cells were cultured
in RPMI 1640 with 10% fetal bovine serum. Cells were
maintained at 37°C under 5% CO, and 95% relative
humidity without antibiotics. During growth inhibition stud-
ies antibiotics were added at 100 units/mL penicillin and
100 pg/mkL streptomycin. The presence of antibiotics did
not affect determination of growth inhibition by DOX (not
shown). Cells were used between passages 3 to 11.

EL4 Mouse Lymphoma Cell Growth Inhibition
Cells were seeded for replicates of five in a 96-well plate at 1 x
10* cells/mL with 200 uL of cell suspension. A second plate of

cells was seeded as a 24 h control of cell growth prior to drug
addition. Both plates were incubated at 37°C under 5% COy
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and 95% relative humidity. After 24 h, 50 pL of growth
medium containing agent was added to wells to produce incu-
bating equivalent DOX concentrations ranging from 0.001 to
5 uM DOX, 0.01 to 18 uM G-DOX, or 0.05 to 100 uM
Precursor (equivalent gelatin concentration) for 48 h. Growth
medium without agent was added to untreated cells. Cell
growth was measured with 25 pL of AlamarBlue (Invitrogen,
Carlsbad, CA) per well, a 6 h incubation, and fluorescence
measurements with excitation at 530 nm and emission at
590 nm. Two experiments were conducted for DOX and G-
DOX, one experiment for the Precursor. Growth inhibition
was calculated by subtracting the 24-hour cell growth value
from the treated and untreated cells and expressing the result as
a percent growth of untreated cells. Growth inhibition lines
were calculated by nonlinear regression with Sigma Plot Re-
gression Wizard using a four-parameter logistic curve: y =
min +(max — min) /[1 + (x/ICr)O)fHMO[M
tration and vy is percent growth, and the ICj5g, Hillslope, min

where x is concen-

and max parameters were obtained from regression analysis of
the overall curve. The Precursor line was calculated with a
quadratic equation.

PC3 Human Prostate Cell Growth Inhibition

Cells, and 24 h controls, were seeded as above except at 2%
10* cells/mL. DOX or G-DOX was added as above to
produce incubating equivalent DOX concentrations rang-
ing from 0.01 pM to 100 pM and 0.001 to 20 uM, respec-
tively for 72 h. Cells were then washed with PBS and
incubated with 250 pL of 10% AlamarBlue in growth
medium for 3 h followed by fluorescence measurement of
excitation at 560 nm and emission at 590 nm. Three sepa-
rate experiments were conducted for each agent. Growth
inhibition graphs and IC5q values were calculated as above.

Statistics

Tests of statistically significant differences were conducted
with a ftest for equal sample size and unequal variance at

$<0.05.

RESULTS
Preparation and Characterization of G-DOX

The preparation of G-DOX, structure shown in Fig. 1,
involves several steps of pH controlled reaction, SEC sepa-
ration, and lyophilization. The amino group blocking agent
citraconic anhydride is used to prevent crosslinking during
the carbodiimide (EDC) reactions between gelatin carboxyl
and amino groups while allowing such reactions between
the growing gelatin product and the respective reagent. The



Gelatin: Doxorubicin Conjugate

2091

Fig. | Structure of gelatin —
doxorubicin conjugate (G-DOX).
Components of the conjugate are
identified as carrier, spacer, acid-
labile conjugate bond and drug.
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spacer, GGBE, has a benzyl ester group as a carboxyl
blocking group to allow its amino group to react with the
EDC activated gelatin carboxyl groups. The blocked car-
boxyl group prevents multiple spacer self-reactions and
maintains a spacer length of a single dipeptide. Hydrolytic
release of this carboxyl blocking group (benzyl alcohol), and
of the amino blocking group take place in separate steps.
The hydrazine reaction introduces the source of the conju-
gate bond, after its subsequent reaction with DOX forming
a pH dependent hydrazone bond in the final step.
Measurements of reaction extent during G-DOX prepa-
ration are shown in Table I for the batches used in the
respective studies. It should not be overlooked that these
assays also confirm the presence of the respective groups.

Table I Chemical Characterization of Gelatin: Doxorubicin Conjugates

Conjugate  Studies Hydrazide DOX*  Hydrazide DOX
Batch used in (mmole/g) (% of gelatin
COOH groups)®
G-DOXI Release 0.56+0.02 5.0 47 =2 7.2
G-DOX2°  EL4 Cells 037+0.02% 3.4 3lx1* 4.9
G-DOX3  PC3 Cells 0.56+0.02 3.7 47 x2 53
Precursor?  EL4 Cells  0.56+0.02 - 47 %2 -

mean + SD, n=3—4

* % wiw, n=1

® calculated from 1.2 mmoles COOH groups per g of gelatin (Ref 21)
© prepared with fractionated gelatin, also used for release

9 before addition of DOX to form G-DOXI. #p <0.05

Doxorubicin

The amounts are expressed as mmole/g to account for the
variation of molecular weight during preparation (see be-
low). The amounts are also expressed as a percent of the
gelatin carboxyl groups that are sites of the addition steps to
prepare G-DOX. The hydrazide content on Precursor and
G-DOX, except for G-DOX prepared with fractionated
gelatin, corresponds to 47% of the gelatin carboxyl groups.
The lower hydrazide content on G-DOX prepared with
fractionated gelatin is due to the lower starting amount of
gelatin, and the resulting lower reagent concentrations.
DOX content is 5-7% of gelatin carboxyl groups, or 3.4 —
5.0% w/w.

The size reductions during preparation of G-DOX3 are
shown by the chromatograms in Fig. 2. The starting gelatin
molecular weight distribution (Fig. 2a) is polydisperse, with
species ranging from 10 kDa (~19 min) to>310 kDa
(~11 min). The a-chain specie of 100 kDa (14 min) is most
abundant, and the P-chain specie of about 180 kDa
(12 min), and possibly the y-chain specie (ca 300 kDa) are
also detectable. The high molecular weight species>
310 kDa are combined in the exclusion species peak at
about 11 min. The 24 min peak represents the azide and
phosphate species. The first step in preparation, the
blocking of gelatin amino groups with citraconic anhydride,
does not alter the molecular weight distribution of starting
gelatin. The chromatogram of this blocked gelatin (not
shown) is identical to Fig. 2a. Figure 2b represents the
amino group blocked gelatin bound to GGBE. The GGBE
addition step using EDC shows a substantial shift towards
species of lower molecular weight, notably the 10 kDa
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specie. Figure 2¢ shows the result of benzyl alcohol hydro-
lysis from the GGBE spacer to generate carboxyl groups,
accompanied by an additional shift towards lower molecular
weight. Hydrazine addition using EDC (not shown) is
followed by citraconic group removal to produce Precursor
shown in Fig. 2d. This chromatogram is virtually identical to
the one not shown after hydrazine addition. It can be seen
that the EDC reaction for hydrazine addition also produces
a substantial shift to lower molecular weights. The complet-
ed conjugate shown in Fig. 2e¢ shows a small shift from
Precursor after the 24 hr DOX addition step. The inset
Fig. 2f shows G-Dox measured at 488 nm and confirms
incorporation of DOX. G-DOX has a binodal distribution
of about 30 kDa and 10 kDa, for a weighted average
molecular weight of 22 kDa. No difference in molecular
weight and distribution was found between G-DOX pre-
pared with unfractionated or fractionated gelatin (data not
shown).

Drug Release

The in vitro release of DOX at various pH in 0.03 M phos-
phate buffer with 0.12 M NaCl at 37°C for up to 48 h is
shown in Fig. 3. A small burst effect of 4 to 6% of the drug
load is measured at zero time. At pH 4.8, a rapid release
occurs within 8 h with a maximum release of 48% measured
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by 24 h. At pH 6.5 a gradual increase produces a 22%
release by 48 h, while at pH 7.4 a 10% maximum release 1is

N
o

DOX Released (%)

-
o

0 10 20 30 40 50
Time (h)

Fig. 3 pH dependent release of DOX from G-DOX. Key (e) pH 4.8,
(A) pH 6.5, (m) pH 7.4 in 0.03 M potassium phosphate with 0.12 M
sodium chloride. (#) growth medium of DMEM with 10% horse serum at
pH 7.4. Symbols represent mean = SD.
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observed by 24 h. Release of DOX 1is also shown in cell
growth medium, but is indistinguishable from release in
buffer at pH 7.4. Differences of release between these two
are within 1%. The differences between DOX release from
G-DOX prepared with unfractionated or fractionated gel-
atin are within 2% (data not shown).

Cell Growth Inhibition

Conjugate prepared from unfractionated or fractionated
gelatin was considered equivalent for growth inhibition
studies because molecular weight and distribution, as
well as DOX release, was the same for both conjugates.
Conjugate induced growth inhibition of cancer cells is
shown in Fig. 4a and b. Growth inhibition of EL4
mouse lymphoma cells is in the order of Dox>G-
DOX>Precursor. The free drug is also more effective
than G-DOX against PC3 human prostate cells. The G-
DOX ICs5q value in EI4 cells of 0.26 uM is 9 times
greater than the IC5q value of Dox (see Table II). The
G-DOX 1ICs5y value in PC3 cells of 0.77 uM is 3.2
times greater than that of DOX. The negative cell
growth values for the highest DOX concentrations indi-
cate a drug induced reduction of cell concentrations.

DISCUSSION

This study is an investigation of the feasibility of a biode-
gradable and pH dependent delivery system for DOX with
potential therapeutic advantages of enhanced tumor accu-
mulation and substantially reduced myocardial as well as
reduced systemic toxicities. Measurement of the extent of
addition reactions allows assessment of the conjugate prep-
aration. Hydrazide sites available for drug addition repre-
sent 47% of the gelatin carboxyl groups. A DOX content of
5.0% w/w, or 7% of the gelatin carboxyl sites, represents
about a 15% DOX addition yield on the hydrazide sites.
The DOX load is comparable to levels reported in similar
conjugates ranging from 3.2% w/w in a pullulan — DOX
conjugate (8) to 8.6% w/w in a HPMA — DOX conjugate
(27).

The size reduction during preparation occurs substantial-
ly from the two carbodiimide (EDC) reaction steps (see
Fig. 2b and d). Experiments on gelatin with similar reaction
conditions of pH, temperature, buffers, and repetitions of
SEC and lyophilization, produced substantially less size re-
ductions in the absence of EDC (data not shown). It is
unclear of the role, if any, that this common protein reagent
has in gelatin degradation during these reactions.

Because SEC measures only size, an alternative explana-
tion for these size reductions was considered. Intramolecular
crosslinking might occur during EDC reactions with the few

125 -

100 -

-|.||J
[9)]
I

EL4 Cell Growth (%)
N O
a O

o
]

150 -

- -

o N

o ()]
I 1

PC3 Cell Growth (%)
N (4)] ~
a o o

o
L

R
o

0.001 0.01 0.1 1 10 100
Equivalent DOX Concentration (uM)

Fig. 4 Growth inhibition profiles of G-DOX in two cancer cell lines. (a)
EL4 mouse lymphoma cells; (b) PC3 human prostate cells. Key: (o) DOX,
(A) G-DOX from fractionated gelatin, (V) G-DOX from unfractionated
gelatin, (m) Precursor at equivalent gelatin concentration. Symbols represent
mean =+ SD.

Table Il ICs; Values for Doxorubicin and G-DOX in EL4 Mouse Lym-
phoma and PC3 Human Prostate Cancer Cells

Cell Line DOX uM) G-DOX* (uM)
EL4 0.029 £0.005 0.26+0.07*
PC3 0.24+0.13 0.77 =0.46*

Mean =+ SD of 2 to 3 experiments with replicates of 5 wells. Statistically
significant difference from respective DOX value at *p <0.05

¢ fractionated gelatin used to prepare G-DOX for EL4 cells
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(~5%) initially unblocked, and possibly more amino groups
if such blocking gradually hydrolyses during the two EDC
reactions at pH 7. This crosslinking could conceivably con-
strict conformation of the gelatin molecule to a smaller size.
Additional experiments were conducted in the following
way to explore this possibility. Gelatin (with unblocked
amino groups) at a concentration below that which would
have any significant intermolecular entanglements was
reacted with 4 fold higher EDC amounts than used in G-
Dox preparation (.e. a 10-fold molar excess of gelatin car-
boxyl groups). In this manner, only intramolecular reactions
would occur. If such crosslinking was induced, the size re-
ductions would be detectable by SEC measurements. These
measurements showed little difference from that of starting
gelatin. Based on these results, and the presence of amino
group blocking;, it was concluded that chemical degradation,
and not intramolecular crosslinking, produced the observed
shifts to smaller sizes.

It is difficult to predict if the G-DOX size of 22 kDa is
large enough to avoid glomerular filtration. The cut-off for
this has been reported at about 40 kDa (35) but this value 1s
complicated by random coil versus native protein conforma-
tion, charge, and deformability to name a few of these
factors. This size, however, is similar to the sizes of earlier
HPMA — DOX conjugates of 24 kDa (36) and 26 kDa (4).
These synthetic polymer and gelatin conjugates are substan-
tially larger than free DOX and are anticipated to have
therapeutic advantages of passive accumulation within solid
tumors due to the EPR effect. However, in contrast to the
synthetic polymer conjugates, the gelatin component of G-
DOX would be susceptible to cathepsin B degradation (25)
to lower molecular weight fragments within solid tumors
with the potential to enhance endocytotic cell uptake.

The pH dependent DOX release profiles of G-DOX in
Fig. 3 are similar to release profiles in other hydrazone
macromolecular DOX conjugates (4,8,37). The limited
DOX release at pH 7.4 and in growth medium is intended
to produce few drug interactions with healthy tissue within
the systemic circulation, in particular the myocardial cells.
Release at the acidic lysosomal pH of 4.8 is intended to
produce a localized drug concentration within cancer cells,
after EPR induced tumor accumulation and endocytotic
uptake of conjugate fragments into the cancer cell. The
relatively small drug release at the interstitial pH of 6.5
indicates that some drug could be released within the tumor
but outside the cancer cell.

The EL4 mouse lymphoma cells have a suspension mor-
phology in cell culture but can induce lymphoma tumors
after injection in mice. PC3 human prostate cancer cells
have an adherent morphology and form a solid tumor that
currently has no effective chemotherapy. The large number
of unreacted hydrazide groups in G-DOX raises the possi-
bility of these groups inducing unwanted toxicity on healthy
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Fig. 5 Comparison of the calculated DOX burst release effect (¢) and G-
DOX (A) on growth inhibition of EL4 cells.

tissue. Less than 1000-fold, if any, of such toxicity was
observed from the Precursor on EL4 cells (see Fig. 4). It is
interesting to note that the negative cell growth values at
high DOX concentrations indicating a bactericidal action
are not shown at equivalent G-DOX concentrations. The
limited release of only 10% DOX in growth medium pro-
vides a partial, but incomplete explanation of this reduced
effect.

The burst release from adsorbed DOX very likely con-
tributes to the measurements of growth inhibition by G-
DOX. The contribution of free DOX can be estimated as
follows. From the 4% burst release at time zero in growth
medium (Fig. 3), the growth inhibition at corresponding
concentrations of burst release DOX from G-DOX can be
calculated from the growth inhibition equation parameters.
This calculated growth inhibition is shown in Fig. 5 com-
pared to the observed EL4 growth inhibition of G-DOX
(from Fig. 4). The results indicate that G-DOX growth
inhibition exceeds that of the free DOX. The mechanism
for this G-DOX growth inhibition in growth medium at pH
7.4 1s unclear but may include an effect from the small
amount of released DOX in excess of burst release (about
5%), as well as cellular uptake of G-DOX and release of
DOX from the acidic lysosomes.

CONCLUSIONS

A novel biodegradable gelatin-doxorubicin conjugate of
about 22 kDa designed for passive accumulation in solid
tumors by the EPR effect has been prepared. A near 50%
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drug release at the lysosomal pH of 4.8, but only 10%
release at pH 7.4 was achieved with this conjugate which
demonstrates the potential therapeutic advantages of tumor
cell accumulation and little effect on healthy tissue. The
conjugate demonstrated growth inhibition on an EL4 lym-
phoma cell line of a suspension morphology and on a PC3
prostate cancer cell line of an adherent morphology. Studies
are in progress on a higher molecular weight G-DOX.

ACKNOWLEDGMENTS AND DISCLOSURES

The authors thank Bristol Myers Squib for the generous
donation of doxorubicin HCI and Phenomenex for support
with size exclusion columns. The authors also gratefully
acknowledge technical assistance from Jonathan Koval and
Jay Patel for cell culture studies, Mitchell Hughes for gelatin
and G-DOX studies, and Jonathan Beecroft for gelatin
fractionation. Financial support was received for this inves-
tigation from NIH R15CA135421.

REFERENCES

1. Chabner BA, Bertino J, Cleary J, Ortiz T, Lane A, Supko J, ¢ al.
Cytotoxic agents. In: Brunton LL, Chabner BA, Knollman BC,
editors. Goodman and Gilman’s the pharmacological basis of
therapeutics. 12 ed. New York: McGraw-Hill; 2011.

2. Gabizon A, Shmeeda H, Barenholz Y. Pharmacokinetics of pegylated
liposomal Doxorubicin: review of animal and human studies. Clin
Pharmacokinet. 2003;42(5):419-36. Epub 2003/05/13.

3. Minko T, Kopeckova P, Kopecek J. Efficacy of the chemotherapeutic
action of HPMA copolymer-bound doxorubicin in a solid tumor
model of ovarian carcinoma. Int J Cancer. 2000;86(1):108—17. Epub
2000/03/23.

4. Etrych T, Chytil P, Jelinkova M, Rihova B, Ulbrich K. Synthesis of
HPMA copolymers containing doxorubicin bound via a hydrazone
linkage. effect of spacer on drug release and w witro cytotoxicity.
Macromol Biosci. 2002;2:43-52.

5. Duncan R, Vicent MJ. Do HPMA copolymer conjugates have a
future as clinically useful nanomedicines? A critical overview of
curent status and future opportunities. Adv Drug Deliv Rev.
2010;62:272-82.

6. Matsumura Y, Hamaguchi T, Ura T, Muro K, Yamada Y,
Shimada Y, et al. Phase I clinical trial and pharmacokinetic
evaluation of NK911, a micelle-encapsulated doxorubicin. Br
J Cancer. 2004;91(10):1775-81. Epub 2004/10/13.

7. Kataoka K, Matsumoto T, Yokoyama M, Okano T, Sakurai Y,
Fukushima S, et al. Doxorubicin-loaded poly(ethylene glycol)-
poly(beta-benzyl-1 ~aspartate) copolymer micelles: their pharmaceutical
characteristics and biological significance. J Control Release Off J
Control Release Soc. 2000;64(1-3):143-53. Epub 2000/01/21.

8. Lu D, Wen X, Liang J, Gu Z, Zhang X, Fan Y. A pH-sensitive
nano drug delivery system derived from pullulan/doxorubicin
conjugate. J Biomed Mater Res Part B: Appl Biomater.
2009;89(1):177-83. Epub 5 September 2008.

9. Ghoroghchian PP, Li G, Levine DH, Davis KP, Bates 'S, Hammer
DA, et al. Bioresorbable vesicles formed through spontaneous
self-assembly of amphiphilic poly(ethylene oxide)-block-

20.

21.

22.

23.

24.

25.

polycaprolactone. Macromolecules. 2006;39(5):1673-5. Epub
2006/03/07.

. Upadhyay KK, Bhatt AN, Mishra AK, Dwarakanath BS, Jain S,

Schatz C, et al. The intracellular drug delivery and anti tumor
activity of doxorubicin loaded poly(gamma-benzyl L-glutamate)-b-
hyaluronan polymersomes. Biomaterials. 2010;31(10):2882-92.
Epub 2010/01/08.

. Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular

permeability and the EPR effect in macromolecular therapeutics: a
review. ] Control Release Off ] Control Release Soc. 2000;65(1-2):271—
84. Epub 2000/03/04.

. Duncan R. The dawning era of polymer therapeutics. Nat Rev

Drug Discov. 2003;2(5):347—60. Epub 2003/05/17.

. Etrych T, Chytil P, Mrkvan T, Sirova M, Rihova B, Ulbrich K.

Conjugates of doxorubicin with graft HPMA copolymers for pas-
sive tumor targeting. J Control Release Off ] Control Release Soc.
2008;132(3):184-92. Epub 2008/06/07.

. Ayen WY, Kumar N. In vivo evaluation of doxorubicin-loaded

(PEG)(3)-PLA nanopolymersomes (PolyDoxSome) using DMBA-
induced mammary carcinoma rat model and comparison with
marketed LipoDox. Pharm Res. 2012;29(9):2522-33. Epub
2012/06/07.

. Sirova M, Mrkvan T, Etrych T, Chytil P, Rossmann P,

Ibrahimova M, et al. Preclinical evaluation of linear HPMA-
doxorubicin conjugates with pH-sensitive drug release: efficacy,
safety, and immunomodulating activity in murine model. Pharm
Res. 2010;27(1):200-8. Epub 2009/11/07.

. Minko T, Kopeckova P, Kopecek J. Chronic exposure to HPMA

copolymer-bound adriamycin does not induce multidrug resis-
tance in a human ovarian carcinoma cell line. J Control Release
OffJ Control Release Soc. 1999;59(2):133—48. Epub 1999/05/20.

. Nan A, Ghandehari H, Hebert C, Siavash H, Nikitakis N, Reynolds

M, et al. Water-soluble polymers for targeted drug delivery to human
squamous carcinoma of head and neck. J Drug Target.
2005;13(3):189-97. Epub 2005/07/23.

. Vasey PA, Kaye SB, Morrison R, Twelves C, Wilson P, Duncan

R, et al. Phase I clinical and pharmacokinetic study of PK1 [N-(2-
hydroxypropyl)methacrylamide copolymer doxorubicin]: first
member of a new class of chemotherapeutic agents-drug-polymer
conjugates. Cancer Research Campaign Phase 1711 Committee.
Clin Cancer Res Off ] Am Assoc Cancer Res. 1999;5(1):83-94.
Epub 1999/01/26.

. Ranson MR, Carmichael J, O’Byrne K, Stewart S, Smith D,

Howell A. Treatment of advanced breast cancer with sterically
stabilized liposomal doxorubicin: results of a multicenter phase II
trial. J Clin Oncol Off J] Am Soc Clin Oncol. 1997;15(10):3185—
91. Epub 1997/10/23.

Wang X, Zhao G, Van S, Jiang N, Yu L, Vera D, ¢/ al. Pharma-
cokinetics and tissue distribution of PGG-paclitaxel, a novel mac-
romolecular formulation of paclitaxel, in nu/nu mice bearing
NCI-460 lung cancer xenografts. Gancer Chemother Pharmacol.
2010;65(3):515-26. Epub 2009/07/14.

Veis A. The macromolecular chemistry of gelatin. New York:
Academic; 1964.

Nahar M, Dubey V, Mishra D, Mishra PK, Dube A, Jain NK. In
vitro evaluation of surface functionalized gelatin nanoparticles for
macrophage targeting in the therapy of visceral leishmaniasis. J
Drug Target. 2010;18(2):93-105. Epub 2009/07/31.

Bowman BJ, Ofner 3rd CM. Characterization and I vitro methotrex-
ate release from methotrexate/gelatin conjugates of opposite conjugate
bond polarity. Pharm Res. 2000;17(10):1309-15.

Tabata Y, Uno K, Ikada Y, Muramatsu S. Suppressive effect of
recombinant TNF-gelatin conjugate on murine tumour growth -
vivo. J Pharm Pharmacol. 1993;45(4):303—-8. Epub 1993/04/01.
Ofner 3rd CM, Pica K, Bowman BJ, Chen CS. Growth
inhibition, drug load, and degradation studies of gelatin/

@ Springer



2096

Wau et al.

26.

27.

28.

29.

30.

31.

methotrexate conjugates. Int J Pharm. 2006;308(1-2):90-9.
Epub 2005/12/20.

Etrych T, Kovar L, Strohalm J, Chytil P, Rihova B, Ulbrich K.
Biodegradable star HPMA polymer-drug conjugates: biodegradability,
distribution and anti-tumor efficacy. J Control Release Off J Control
Release Soc. 2011;154(3):241-8. Epub 2011/06/28.

Etrych T, Subr V, Strohalm J, Sirova M, Rihova B, Ulbrich K.
HPMA copolymer-doxorubicin conjugates: the effects of molecular
weight and architecture on biodistribution and i vivo activity. J
Control Release Off J Control Release Soc. 2012;164(3):346-54.
Epub 2012/07/05.

Ulbrich K, Subr V. Polymeric anticancer drugs with pH-
controlled activation. Adv Drug Deliv Rev. 2004;56(7):1023-50.
Epub 2004/04/07.

Bubnis WA, Ofner 3rd CM. The determination of epsilon-amino
groups in soluble and poorly soluble proteinaceous materials by a
spectrophotometric method using trinitrobenzenesulfonic acid.
Anal Biochem. 1992;207(1):129-33. Epub 1992/11/15.

King TP, Zhao SW, Lam T. Preparation of protein conjugates via
intermolecular hydrazone linkage. Biochemistry. 1986;25(19):5774—
9. Epub 1986/09/23.

Cammarata CR, Wu DC, Ofner CM, 3rd. Developing a spectro-
photometric assay for hydrazide group determination as an evalu-
ation of a gelatin conjugate precursor. Poster presentation at the
2011 AAPS Annual Meeting and Exposition; October 23-27,
2011; Washington, D.C. Poster R6004.

@ Springer

32.

33.

34.

35.

36.

37.

Dupont AL. Study of the degradation of gelatin in paper upon aging
using aqueous size-exclusion chromatography. J Chromatogr A.
2002;950(1-2):113-24. Epub 2002/05/07.

Wu DC, Ofner CM, 3rd. Adsorption and degradation of doxorubicin
from aqueous solution in polypropylene containers. AAPS
PharmSciTech. 2012. Epub 2012/12/12.

van Hensbergen Y, Broxterman HJ, Elderkamp YW, Lankelma J,
Beers JC, Heijn M, et al. A doxorubicin-CNGRC-peptide
conjugate with prodrug properties. Biochem Pharmacol.
2002;63(5):897-908. Epub 2002/03/26.

Tanner GA, Rippe C, Shao Y, Evan AP, Williams Jr JC.
Glomerular permeability to macromolecules in the Necturus
kidney. Am J Physiol Renal Physiol. 2009;296(6):F1269-78.
Epub 2009/04/03.

Kunath K, Kopeckova P, Minko T, Kopecek J. HPMA
copolymer-anticancer drug-OV-TLI16 antibody conjugates. 3.
The effect of free and polymer-bound adriamycin on the expres-
sion of some genes in the OVCAR-3 human ovarian carcinoma
cell line. Eur J Pharm Biopharm Off J Arbeitsgemeinschaft fur
Pharmazeutische Verfahrenstechnik eV. 2000;49(1):11-5. Epub
1999/12/30.

Ulbrich K, Etrych T, Chytil P, Jelinkova M, Rihova B.
HPMA copolymers with pH-controlled release of doxorubicin:
n witro cytotoxicity and i vivo antitumor activity. J Control
Release Off J Control Release Soc. 2003;87(1-3):33—47. Epub
2003/03/06.



